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INTRODUCTION 16
In multicellular organisms, developmental cell fate decisions are established by 17 tightly controlled spatial and temporal gene expression. This pattern of gene expression 18 can be regulated by heritable modifications on the N-terminal tails of histone proteins 19 (Jambhekar et al., 2019) . For example, methylation of lysine 4 and 36 on histone 3, 20 (H3K4me and H3K36me) are generally associated with active transcription, whereas 21 methylation of lysine 9 on the same histone (H3K9me) is commonly associated with 22 transcriptional repression. These modifications are dynamically regulated by the specific 23 and tightly controlled activity of histone modifying enzymes. For instance, mono-and di-24 methylation of lysine 4 on histone H3 (H3K4me1/2) are removed by the demethylase 25 LSD1/KDM1A (Y. Shi et al., 2004 ; Y.-J. Shi et al., 2005) . In the nematode C. elegans, 26 populations of mutants lacking the LSD1 ortholog, SPR-5, become increasingly sterile over 27 30 generations (Katz et al., 2009 ). Failure to erase H3K4me2 at fertilization between 28 generations in spr-5 mutants correlates with an accumulation of H3K4me2 and 29 spermatogenesis gene expression across 30 generations, which leads to increasing sterility 30 (Katz et al., 2009 ). These data demonstrate that H3K4me2 can function as an epigenetic 31 transcriptional memory. More recently, it was demonstrated that SPR-5 synergizes with 32 the H3K9me2 methyltransferase MET-2, to regulate maternal epigenetic reprogramming 33 (Kerr et al., 2014) . MET-2 is the ortholog of the mammalian SETDB1. Progeny of mutants 34 lacking both SPR-5 and MET-2 become completely sterile in a single generation and display 35 synergistic increases in both H3K4me2 and candidate germline gene expression in somatic 36 tissues (Kerr et al., 2014) . Together this work supports a model in which SPR-5 and MET-2 37 are maternally deposited into the oocyte, where they reprogram histone methylation to 38 prevent somatic expression of germline genes. 39
Following fertilization, the C. elegans embryo separates germline versus somatic 40 lineages progressively through a series of asymmetric divisions (Strome, 2005) . To 41 accomplish this, transcription factors coordinate with multiple histone modifications. 42
Maternal deposition of PIE-1, a germline specific protein that asymmetrically segregates 43 into germline blastomeres (P lineage cells), maintains the fate of germ cells by inhibiting 44 POL-II elongation and preventing the ectopic expression of somatic genes (Batchelder et al., 45 1999; Mello et al., 1992; Seydoux et al., 1996) . In the absence of transcription in the germline, the maternally provided H3K36me2/3 methyltransferase, MES-4, binds to a subset of germline genes that were previously expressed in the parental germline 48 (Furuhashi et al., 2010; Rechtsteiner et al., 2010) . These germline genes are recognized by 49 MES-4 via H3K36me2/3 that was added in the parental germline by the transcription-50 coupled H3K36me2/3 methyltransferase, MET-1 (Kreher et al., 2018) . MES-4 maintains 51 H3K36me2/3 at these genes in the early embryo in a transcriptionally independent 52 manner. Without maternally deposited MES-4, the germline cannot properly proliferate 53 and animals are sterile (Capowski et al., 1991; Garvin et al., 1998) . For the remainder of 54 this study, we will refer to these MES-4 targeted genes as MES-4 germline genes, and the 55 process through which MES-4 maintains these genes for re-activation in the primordial 56 germ cells of the offspring, as bookmarking. 57
In addition to providing transcriptional memory of germline genes between 58 generations in the germline, histone methylation has been implicated in repressing 59 germline transcription in somatic tissues. Recent work in C. elegans has shown that a 60 subset of germline genes have H3K9me2 enrichment at their promoters in somatic tissues 61 (Rechtsteiner et al., 2019) . Loss of LIN15B, a transcriptional repressor that is a putative 62 member of the DREAM complex, reduces the enrichment of H3K9me2, leading to the 63 ectopic accumulation of H3K36me3 at gene bodies in somatic tissues (Rechtsteiner et al., 64 2019) . These data implicate H3K9me2 in germline gene repression in somatic tissues and 65 raise the possibility that H3K9me2 antagonizes MES-4. As mentioned earlier, previous 66 work suggests that H3K9me2 also functions antagonistically to H3K4me2 (Kerr et al., 67 2014) . However, whether the maternal histone modifying enzymes SPR-5 and MET-2 68 coordinate with MES-4 to ensure the proper inheritance of histone methylation and the 69 proper specification of germline versus soma remains unclear. To address this question, we 70 examined somatic development in progeny deficient in SPR-5 and MET-2 maternal 71
reprogramming. We find that spr-5; met-2 double mutant progeny (hereafter referred to as 72 spr-5; met-2 progeny) display a severe developmental delay that is rescued by removing 73 MES-4. In addition, H3K36me3 ectopically accumulates at germline genes in the somatic 74 tissues of spr-5; met-2 progeny. This accumulation correlates with the ectopic expression of 75 MES-4 germline genes and is rescued by knocking down MES-4 activity. These data 76 demonstrate that the ectopic expression of MES-4 targeted germline genes in somatic 77 tissues causes a developmental delay. We propose a model where SPR-5 and MET-2 78 function together during maternal reprogramming to restrict MES-4 dependent 79 bookmarking of germline genes in somatic tissues, thereby ensuring proper specification of 80 germline versus somatic cell fates. 81
82

RESULTS
83
Loss of spr-5 and met-2 causes developmental delay 84
Previous work from our lab demonstrated that progeny from spr-5; met-2 mutants 85 express germline genes in somatic lineages (Kerr et al., 2014) . To examine how 86 misexpression of germline genes in somatic tissues affects somatic development, we 87 synchronized embryos laid by N2, spr-5, met-2, and spr-5; met-2 mutant hermaphrodites 88 and monitored their development from hatching to adults. By 72 hours past the 89 synchronized lay, all N2 progeny (469/469), most of the spr-5 progeny (363/385), and 90 many of met-2 progeny (386/450) were fertile adults (Figure 1 A, B , C, and E, S1A-C). In 91 contrast, spr-5; met-2 progeny displayed a severe developmental delay. By 72 hours past 92 the synchronized lay, none of the progeny (0/463) had reached adulthood (Figure 1 D, E; 93 and S1D). The majority of spr-5; met-2 progeny (371/463) resembled L2 larvae at 72 hours, 94 while a smaller percentage of the population developed to later larval stages (42/463) 95 (Table S1 ). By seven days post synchronized lay, a small number of spr-5; met-2 progeny 96 (35/876) developed into adults and the majority (31/35) of these adults displayed 97 protruding vulva (Pvl) (Figure S1E-G). All 35 of the spr-5; met-2 mutant progeny that 98 developed to adulthood were sterile. 99 100
MES-4 germline genes are ectopically expressed in spr-5; met-2 mutant soma 101
Previously we showed that H3K4me2 is synergistically increased in spr-5; met-2 102 progeny compared to spr-5 and met-2 single mutant progeny, and that this increase in 103
H3K4me2 correlates with a synergistic increase in candidate germline gene expression in 104 somatic tissues (Kerr et al., 2014) . To test the extent to which germline genes are 105 ectopically expressed in somatic tissues, we examined somatic expression genome-wide. 106
To do this, we performed RNA-seq on spr-5; met-2 L1 progeny compared to N2 (wild-type) 107 L1 progeny. We chose to perform this analysis on L1 larvae because this stage immediately 108 precedes the L2 larval delay that we observe in spr-5; met-2 progeny (see Figure 1A , D). In 109 addition, L1 larvae are composed of 550 somatic cells and 2 germ cells. Therefore, L1 110 larvae are primarily composed of somatic tissue. As a control, we also performed RNA-seq 111 on L1 progeny from spr-5 and met-2 single mutants that were isolated from early 112 generation animals (within 1-5 generations). These generations are well before the onset 113 of sterility that we previously reported (Katz et al., 2009; Kerr et al., 2014) . We identified 114 778 differentially expressed transcripts in spr-5; met-2 progeny compared to N2 ( Figure  115 S2A-B, Figure S3C , F, and Table S2 ), many of which also overlap with genes differentially 116 expressed in spr-5 (159/413) and met-2 single mutants (113/343) compared to N2. 117 ( Figure S2A -B, Figure S3A , B, S3D, E, and Table S2 ). Gene Set Enrichment Analysis (GSEA) 118 did not identify any categories of genes misexpressed in the spr-5 or met-2 single mutants. 119 However, GSEA revealed that genes differentially expressed in spr-5; met-2 progeny were 120 significantly enriched (based on Combined Score, ) for biological 121 processes and cellular components characteristic of the germline; including meiosis, P-122 granules and negative regulation of the cell cycle ( Figure S2C -D). Many of the genes 123 involved in these processes are expressed in the germline of the parental generation, 124 bound by the H3K36 methyltransferase MES-4 in the early embryo, and marked by 125
H3K36me2/3, independent of POL-II (Rechtsteiner et al., 2010) . As a result, we were 126 interested in the potential overlap with MES-4 targeted genes (referred to as MES-4 127 germline genes). Rechtsteiner and colleagues identified 214 MES-4 germline genes 128 (Rechtsteiner et al., 2010) . 17 of these genes are pseudogenes that we were unable to 129 convert from Ensembl transcript IDs to RefSeq mRNA accession, and another gene was 130 duplicated, so we removed those genes from our analysis. This leaves 196 MES-4 germline 131 genes. We reasoned that the absence of SPR-5 and MET-2 reprogramming may cause 132 germline genes to be aberrantly targeted by MES-4 in the soma, leading to ectopic 133 expression. To investigate this possibility, we examined the overlap between differentially 134 expressed genes in spr-5; met-2 L1 progeny and MES-4 germline genes. Out of 196 MES-4 135 germline genes, 34 overlapped with genes up-regulated in spr-5; met-2 progeny compared 136
to N2 (hypergeometric test (P-value < 4.34e-20, Figure 2A ), while zero overlapped with 137 genes down-regulated in spr-5; met-2 progeny compared to N2 ( Figure 2B ). In addition, when we compared the log2 fold change (FC) in expression of all of the MES-4 genes in spr-139 5, met-2, and spr-5; met-2 mutant progeny compared to N2, we observed that 108 of the 140 MES-4 germline genes are synergistically increased in spr-5; met-2 progeny compared to 141 single mutant progeny ( Figure 2C and Table S3 ). This analysis included only 176 out of the 142 196 MES-4 germline genes because the remaining 21 genes do not have an expression 143 value in one or more of the data sets (spr-5, met-2, or spr-5; met-2). 144
To confirm that MES-4 germline genes are somatically expressed in spr-5; met-2 L1 145 progeny, we performed single molecule fluorescent in situ hybridization (smFISH) on two 146 MES-4 germline targets, htp-1 and cpb-1 ( Figure 3 ). Both of these genes were amongst the 147 genes that were ectopically expressed in spr-5; met-2 L1 progeny compared to N2 L1 148 progeny. In N2 L1 larvae, htp-1 ( Figure 3A -C, insets) and cpb-1 ( Figure 3G -I, insets) were 149 restricted to the two primordial germ cells, Z2 and Z3. In contrast, in spr-5; met-2 progeny 150 htp-1 was ectopically expressed throughout the soma ( Figure 3D -F), similar to what we 151 observe with the ubiquitously expressed subunit of RNA polymerase II, ama-1 ( Figure S4A -152 L), which was unchanged in our RNA-seq analysis. cpb-1 was also ectopically expressed, 153 though the ectopic expression was not ubiquitous as it is in htp-1 ( Figure 3J , L). 154
155
MES-4 dependent germline genes display ectopic H3K36me3 in spr-5; met-2 mutants 156
To test whether MES-4 germline genes that are ectopically expressed in the soma of 157 spr-5; met-2 progeny also ectopically maintain H3K36me3, we performed H3K36me3 ChIP- 
MES-4 germline genes display H3K9me2 at their promoter peaks 176
Recent work discovered that a subset of germline specific genes contain H3K9me2 177 peaks at their promoters in N2 L1 progeny (Rechtsteiner et al., 2019) . This finding 178
implicates H3K9me2 enrichment at promoters of germline genes as being a critical 179 component for repressing germline genes in somatic tissues. If SPR-5 and MET-2 are 180 functioning to prevent MES-4 germline genes from being ectopically expressed in somatic 181 tissues, we would expect MES-4 germline genes that are ectopically expressed in the 182 somatic tissues of spr-5; met-2 progeny to be targeted by H3K9 methylation in these 183 tissues. To examine this possibility, we re-analyzed L1 H3K9me2 Chip-seq data from MES-4 germline genes were enriched for H3K9me2 at their promoters ( Figure S6A) , 186
including the majority of MES-4 germline genes that are ectopically expressed in the soma 187 of spr-5; met-2 progeny ( Figure S6B ). For example, the MES-4 germline genes cpb-1, 188 T05B9.1, Y18D10A.11, and fbxa-101, that accumulate ectopic H3K36me3 and were 189 ectopically expressed in the somatic tissues of spr-5; met-2 progeny, have H3K9me2 peaks To test whether the ectopic expression of MES-4 germline genes in spr-5; met-2 197 progeny is dependent on the ectopic H3K36me3, we examined whether the expression of 198 these genes was dependent upon MES-4. We performed quantitative real-time PCR (qRT-199 PCR) on L1 progeny from spr-5; met-2 hermaphrodites fed control (L4440) RNAi versus 200 mes-4 RNAi ( Figure 5 ). For this analysis, we selected candidate MES-4 germline genes that 201 were ectopically expressed and displayed an ectopic H3K36me3 peak in spr-5; met-2 L1 202 progeny compared to N2 L1 progeny. Consistent with our RNA-seq analysis, all nine of the 203 candidate MES-4 germline genes that we examined were ectopically expressed >2 fold in 204 spr-5; met-2 L1 progeny compared to control ( Figure 5 ). Strikingly, the ectopic expression 205 of the nine MES-4 candidate germline genes was dependent upon MES-4. Nine out of nine 206 of these genes were significantly decreased in L1 progeny from spr-5; met-2 207 hermaphrodites treated with mes-4 RNAi ( Figure 5 ; p-value < 0.001), and all but one 208 (T05B9.1) were reduced to levels that were similar to N2 L1 progeny. 209 210
Knocking down MES-4 rescues developmental delay in spr-5; met-2 progeny 211
To test whether the developmental delay phenotype that we observe in spr-5; met-2 212 progeny is also dependent on the ectopic expression of MES-4 germline genes, we fed spr-5; 213 met-2 hermaphrodites mes-4 RNAi and monitored their progeny for 72 hours after a 214 synchronized lay. If the developmental delay is dependent upon the ectopic expression of 215
MES-4 germline genes, it should be suppressed when this ectopic expression is eliminated 216
via mes-4 RNAi. 72 hours after a synchronized lay, all of the N2 control progeny from 217 hermaphrodites fed either L4440 control (1089/1089) or mes-4 (1102/1102) RNAi were 218 adults ( Figure 6A expect the developmental delay to be independent of MET-1. To determine whether the 229 developmental delay phenotype in spr-5; met-2 progeny is dependent on MET-1, we 230 monitored the development of progeny from spr-5; met-2 hermaphrodites fed met-1 RNAi. 231
In contrast to the suppression that we observed upon mes-4 RNAi, met-1 RNAi had no 232 effect. None of the spr-5; met-2 mutant progeny (0/573) from hermaphrodites fed met-1 233
RNAi developed to adults, and these animals were indistinguishable from spr-5; met-2 234 progeny fed control RNAi ( Figure 6G , I). Additionally, met-1 RNAi itself had no effect on 235 developmental delay, as nearly all of the N2 progeny (715/721) from hermaphrodites fed 236 met-1 RNAi developed to adults ( Figure 6C , I). 237 238
Knocking down SET-2 rescues spr-5; met-2 developmental delay 239
If the developmental delay of spr-5; met-2 mutants is caused by ectopic H3K4me2 240 driving the expression MES-4 germline genes in somatic tissues, we would expect the 241 developmental delay of spr-5; met-2 progeny to be dependent upon the H3K4 242 methyltransferase, SET-2. To test this, we monitored the development of progeny of spr-5; 243 met-2 hermaphrodites fed set-2 RNAi. Identical to N2 progeny from hermaphrodites fed 244 control RNAi, set-2 RNAi had no effect on the development of wild-type animals, as all of 245 the N2 progeny from hermaphrodites fed set-2 RNAi developed to adults (1114/1114) 246 ( Figure 6D , I). However, in contrast to spr-5; met-2 progeny fed control RNAi that were 247 developmentally delayed, most of the progeny from spr-5; met-2 hermaphrodites fed set-2 248
RNAi developed to adults (347/384) ( Figure 6H progeny may acquire the ability to silence transgenes, a function normally restricted to 254 germline cells. To test this, we examined the somatic expression of an extrachromosomal 255 multicopy let-858 transgene that is normally silenced in the germline by both 256 transcriptional and posttranscriptional germline silencing mechanisms (Kelly and Fire, 257 1998 ). This analysis was performed in spr-5; met-2 mutant L2 larvae that were undergoing 258 developmental delay. In N2, most of the L2 progeny (117/132) expressed ubiquitous high 259 levels of LET-858::GFP throughout the entire soma ( Figure 7A transgene, we normalized the percentage of progeny scored as "off" for LET-858::GFP to 268 presence of the let-858 transgene based on genotyping for gfp (see methods). For N2, all of 269 the 60 L2 progeny that were scored as "off" failed to inherit the let-858 transgene, 270
indicating that the transgene is never silenced in N2 progeny (data not shown). However, 271 for spr-5; met-2 L2 progeny, eight out of 50 progeny that were scored as "off" inherited the 272 let-858 transgene indicating that the let-858 transgene can be completely silenced in some 273 spr-5; met-2 progeny. After normalization for the transgene inheritance, we observed that tissues. Consistent with this, most of the MES-4 germline genes were overexpressed in spr-289 5; met-2 mutants. Using smFISH, we also defined the somatic expression of two ectopically 290 expressed MES-4 germline genes, htp-1 and cpb-1. While htp-1 mRNA was ectopically 291 detected in many somatic tissues, the ectopic expression of cpb-1 mRNA was more 292
restricted, suggesting that the extent of ectopic expression is dependent upon the locus. 293
To directly test whether SPR-5 and MET-2 reprogramming prevents the 294 accumulation of MES-4 dependent H3K36me3 at germline genes in the somatic tissues of 295 spr-5; met-2 progeny, we performed H3K36me3 ChIP-seq. MES-4 germline genes 296 accumulated ectopic H3K36me3 in the soma of spr-5; met-2 progeny compared to the soma 297 of N2 progeny. This suggests that without SPR-5 and MET-2 reprogramming, MES-4 298 ectopically maintains H3K36me3 at these genes in somatic tissues. Importantly, a low level 299 of H3K36me3 was detected at germline genes in the somatic tissues of N2 progeny. It is 300 unclear why there is a low level of H3K36me3 normally in somatic tissues in N2 animals. 301
Nevertheless, this indicates that an increased level of H3K36me3 is necessary to cause 302 ectopic transcription. 303
If the developmental delay of spr-5; met-2 mutant progeny is caused by the ectopic 304 maintenance of H3K36me3, and the subsequent expression of MES-4 germline genes, then 305 the ectopic expression of germline genes and the developmental delay should be 306 dependent upon MES-4. Indeed, we find that the removal of MES-4 rescued both the ectopic 307 transcription of MES-4 germline genes in the soma of spr-5; met-2 progeny, and the 308 developmental delay. Taken together, these results suggest that the developmental delay in 309 spr-5; met-2 progeny is caused by the ectopic expression of MES-4 germline genes. In 310 contrast, removing the transcriptionally coupled H3K36me3 methyltransferase, MET-1, did 311 not rescue the developmental delay. Thus, the developmental delay that we observe in spr-312 5; met-2 progeny is only dependent on transcriptionally independent H3K36me3. 313
Our data support the following model for how maternal reprogramming by SPR-5 314 and MET-2 facilitates proper specification of germline versus soma. In the germline, 315 transcriptional elongation is blocked by PIE-1, which segregates to germline blastomeres 316 during embryogenesis (Batchelder et al., 1999; Mello et al., 1992; Seydoux et al., 1996) 
317
( Figure 8A, B) . In the soma of the early embryo, there is also very little transcription, 318 because the bulk of zygotic transcription does not begin until approximately the 60 cell 319 stage, just prior to when the primordial germ cells Z2 and Z3 are specified (Sulston et al., 320 1983 ). Thus, in C. elegans, germline versus soma is largely specified without transcription. 321
During normal maternal reprogramming, SPR-5 and MET-2 are deposited into the oocyte, 322
where at fertilization they cooperate to remove H3K4me2 and add H3K9me2 to genes that 323 were expressed previously in the parental germline (Kerr et al., 2014) ( Figure 8A ). This 324 facilitates the transition from active chromatin to repressed chromatin. Genes 325 epigenetically reprogrammed by SPR-5 and MET-2 include ubiquitously expressed genes 326 and germline expressed genes, including MES-4 germline genes. The MES-4 germline genes 327 are subsequently targeted by the transcription independent H3K36 methyltransferase 328 MES-4 to maintain H3K36me3 in the germ lineage during embryogenesis ( Figure 8A, B) . 329
This H3K36 methylation bookmarking antagonizes the repression caused by the erasure of 330
H3K4me2 and the addition of H3K9me2. Without the transcription independent 331 maintenance of inherited H3K36 methylation from the mother to antagonize this 332 repression, the germline fails to proliferate and animals are sterile (Capowski et al., 1991; 333 Garvin et al., 1998) . This is presumably because germline genes that are targeted by MES-4 334 fail to reactivate, though this has not yet been demonstrated. In contrast, without SPR-5 335 and MET-2 repression, the failure to add H3K9me2 as well as the inappropriate retention 336 of H3K4me2 results in a chromatin environment that is permissive for the ectopic 337 maintenance of H3K36me3 in the soma ( Figure 8B ). This causes germline genes to be 338 inappropriately expressed in somatic tissues and results in a severe developmental delay 339 ( Figure 8B ).Thus, we propose that SPR-5, MET-2 and MES-4 carefully balance the 340 inheritance of histone methylation from the parental germline to ensure the proper 341 specification of germline versus soma in the progeny. 342
The model that we have proposed makes the following two predictions. First, MES-4 343 germline genes should normally be targeted for silencing by H3K9me2 in somatic tissues. It 344 has recently been shown that a subset of germline specific genes contain H3K9me2 at their 345 promoters in L1 larvae, and that these peaks are lost or reduced in the absence of LIN15B 346 (Rechtsteiner et al., 2019) . We re-examined the H3K9me2 ChIP-seq dataset from this work 347 and found that the MES-4 germline genes that are ectopically expressed in the somatic 348 tissues of spr-5; met-2 progeny also displayed unique H3K9me2 promoter peaks. This 349 confirms that these genes are normally repressed by H3K9me2 in somatic tissues. One possibility is that the ectopic expression of MES-4 germline genes causes the soma to 371 take on germline character. To begin to address this, we asked whether spr-5; met-2 double 372 mutants can silence an extrachromosomal array in somatic tissues. The silencing of 373 extrachromosomal arrays is normally restricted to the germline. However, we find that spr-374 5; met-2 progeny acquired some ability to silence an extrachromosomal multicopy array in 375 somatic cells. Intriguingly, in our RNA-seq we detected the ectopic expression of RNA-376 dependent RNA polymerase genes (e.g. rrf-1 and gld-2) as well as genes involved in the 377
RNAi effector complex in spr-5; met-2 mutants (e.g. hrde-1 and ppw-1) Thus, it is possible 378 that the somatic silencing of the transgene in spr-5; met-2 mutants is due to the induction of 379 the germline small RNA pathway. Regardless, the silencing of the extrachromosomal 380 multicopy array suggests that the somatic tissues in spr-5; met-2 progeny make functional 381 proteins that can perform some germline functions. We propose that either the ectopic 382 
Conservation of maternal epigenetic reprogramming between invertebrates and 394 vertebrates 395
It is possible that the maternal regulation of histone methylation by SPR-5, MET-2 396 and MES-4 is conserved in mammals. Along with the Heard lab, we previously 397 demonstrated that progeny from mice that maternally lack the vertebrate SPR-5 homolog, Strains. All Caenorhabditis elegans strains were grown and maintained at 20° C under 421 standard conditions, as previously described (Brenner, 1974) . The C. elegans spr-5 422 were performed with AmpliTaq Gold (Invitrogen) according to the manufacturer's protocol 433 and reactions were resolved on agarose gels (see Table S4 for primer sequences). Before 434 completing this study we acquired the FX30208 tmC27 [unc-75(tmls1239)](I) from the 435 Caenorhabditis Genetics Center that completely covers the spr-5 locus on chromosome I. 436
The qC1 [qls26 (lag2::GFP + rol-6(su1006)](III) strain was obtained from W. Kelly and 437 crossed to met-2 (n4256)(III) to maintain met-2(n4256)(III) as heterozygotes. The spr-5 (by101)(I)/tmC27[unc-75(tmls1239)](I); met-2 (n4256) (III)/qC1 [qls26 (lag2::gfp+ rol-439 6(su1006))](III) strain was then re-created for this study to maintain spr-5 (by101)( I); 440 met-2 (n4256)(III) double-mutant animals as balanced heterozygotes. The LET-858::GFP 441 (pha-1(e2123ts)(III); let-858::gfp (ccEx7271)) (Kelly and Fire, 1998) transgenic strain used 442 in somatic transgene silencing assays was acquired from W. Kelly. comparison of differentially expressed genes between spr-5, met-2, and spr-5; met-2 470 progeny compared to N2 progeny was generated in Microsoft Excel using Log2 fold change 471 values from the DESEQ2 analysis. Because transcript isoforms were ignored, we discuss the 472 data in terms of "genes expressed" rather than "transcripts expressed". RNAi methods. RNAi by feeding was carried out using clones from the Ahringer library 505 (Kamath and Ahringer, 2003) . Feeding experiments were performed on RNAi plates (NGM 506 plates containing 100 ug/ml ampicillin, 0.4mM IPTG, and 12.5ug/ml tetracycline). F0 507 worms were placed on RNAi plates as L2 larvae and then moved to fresh RNAi plates 48hrs 508 later where they were allowed to lay embryos for 2-4 hrs. F0 worms were then removed 509 from plates and sacrificed or placed in M9 buffer overnight so that starved L1 progeny 510 could be isolated for quantitative PCR (qPCR). F1 progeny were scored 72hrs after the 511 synchronized lay for developmental progression. For each RNAi experiment, pos-1 RNAi 512 was used as a positive control. Each RNAi experiment reported here pos-1 RNAi resulted in 513 >95% embryonic lethality, indicating that RNAi plates were optimal. 514 Real-time expression analysis. Total RNA was isolated using TRIzol reagent (Invitrogen) 515 from synchronized L1s born at room temperature (21°C -22°C). cDNA synthesis and qPCR 516 were carried out as described (Kerr et al. 2014) . All experiments were performed in 517 triplicate and normalized to ama-1 mRNA expression (see Table S4 for primer sequences). 518
Differential interference contrast microscopy. Worms were immobilized in 0.1% 519 levamisole and placed on a 2% agarose pad for imaging at either 10x or 40x magnification. 520 40x DIC images were overlaid together using Adobe photoshop to generate high resolution 521
images of whole worms. 522
Single Molecule Fluorescent in situ Hybridization (smFISH). Quasar 570 labeled 523 smFISH probe sets for htp-1 and cpb-1 were designed using Stellaris Probe Designer 524 (Biosearch) (see Table S5 for probe sequences). The htp-1 smFISH probes were designed 525 using the complete 1,059nt htp-1 protein-coding sequence. Likewise, The cpb-1 smFISH 526 probes were designed using the complete 1,683nt cpb-1 protein-coding sequence. In 527 addition, an smFISH fluorescent probe set for ama-1 was purchased from the DesignReady 528 catalog (cat#: VSMF-6002-5, Biosearch). 529
Synchronized L1 larvae for smFISH were obtained by bleaching 300-500 gravid 530 hermaphrodites and allowing embryos to hatch overnight on 6cm NGM plates lightly 531 seeded OP50 bacteria. L1 larvae were then washed into 1.5ul Eppendorf tubes using 532 nuclease-free M9 buffer. Fixation and hybridization steps followed the Stellaris RNA FISH 533 protocol for C. elegans adapted from RAJ lab protocol (Raj and Tyagi, 2010) . In brief, we 534 resuspended L1 larvae in fixation buffer (3.7% formaldehyde in 1 x PBS) for 15 minutes at 535 room temperature then transferred tubes to liquid nitrogen. Samples were thawed in water 536 and placed on ice for 20 minutes. In our hands, we obtain better fluorescent signal by 537 freeze cracking L1 larvae. Following fixation, L1 Larvae were resuspended in 70% EtOH 538 and stored at 4°C for 24-48 hours. For all probe sets, we incubated L1 larvae in 100ul 539 hybridization buffer (containing 10% formamide and 125nm probe) for 4 hours at 37°C. 540
After hybridization, samples were washed in wash buffer at 37°C for 30 minutes, incubated 541 in 50ng/mL DAPI in wash buffer at 30°C for 30 minutes, washed once in 2x SSC for 2 542 minutes at room temperature, and mounted in Vectashield mounting medium. Mounted 543 slides were imaged immediately using a 100x objective on a spinning-disk confocal Nikon-544
TiE imaging system. Images were captured using NIS-Elements software (Nikon) and 545 ImageJ (NIH, http://imagej.nih.gov/ij/) was used for viewing. ImageJ maximum projection 546 was used to project z-stack images to a single plane. The fluorescent intensity of smFISH 547 dots were > 2-fold above background as expected (Ji and van Oudenaarden, 2012) . 548 LET-858::GFP transgene silencing assay. First generation spr-5; met-2 hermaphrodites 549 were crossed to let-858 transgenic males to generate spr-5/+; met-2/+; let-858::gfp animals. 550
The let-858 transgene is an extrachromosomal multicopy let-858 array (Kelly and Fire, 551 1998) . From these animals we generated spr-5; met-2; let-858::gfp animals and scored them for somatic expression of LET-858::GFP using a standard stereoscope. L2 progeny from N2 553 and spr-5; met-2 progeny expressing the LET-858::GFP transgene were scored as "bright" 554 (High level ubiquitous expression) , faint (barely visible and ubiquitous expression), or off 555 (no expression). Because less than 50% of progeny inherit the let-858 transgene, we 556 normalized the percentage of progeny scored as "off" for LET-858::GFP to presence of the 557 let-858 transgene based on genotyping for gfp. For N2, 0 out of 60 progeny that were 558 scored as "off" failed to inherit the let-858 transgene indicating that the transgene is never 559 silenced in N2 progeny (data not shown, see Table S4 for primer sequences). For spr-5; 560 met-2 progeny, 8 out of 50 progeny that were scored as "off" inherited the let-858 561 transgene indicating that the let-858 transgene is completely silenced in some spr-5; met-2 562 progeny (data not shown). log2FC values are represented in a yellow to blue gradient and range from -2 to 5. Yellow represents genes with negative log2FC values and blue represents genes with positive log2FC values compared to N2. The remaining 21 MES-4 germline genes were not included because they do not have an expression value in one or more of the data sets (spr-5, met-2, or spr-5; met-2) Figure S5 ). Gene bodies were pseudoscaled to 1kb with 500bp borders separated by orange bars that represent the transcriptional start site (TSS) and transcriptional end site (TES). Integrative Genome Viewer (IGV) image of H3K36me3 ChIP-seq reads normalized to RPKM at MES-4 germline genes (C-F, J-M) and control genes (G-I, N-P) in N2 (C-I) versus spr-5; met-2 (J-P) L1 progeny. RPKM IGV windows were scaled between 0 and 202 RPKM for all genes.
Figure 5. Knocking down MES-4 rescues ectopic expression of MES-4 germline genes in spr-5; met-2 L1 progeny. Quantitative RT-PCR showing the relative units of expression
for nine MES-4 germline genes (cpb-1, csr-1, fbxa-101, htp-1, T05B9.1, Y18D10A.11, ftr-1, rmh-1, K12D12.5) in L1 progeny of spr-5; met-2 hermaphrodites fed either control L4440 RNAi (grey bars) or mes-4 RNAi (black bars) versus N2 fed control L4440 RNAi (white bars). Relative units of expression from two biological replicates (R1 and R2) were calculated for each gene by averaging triplicate RT_PCR reactions and normalizing to a control gene, ama-1. Error bars represent the standard error of the mean (SEM) for triplicate RT_PCR reactions. For all nine genes, mes-4 RNAi significantly reduced the relative expression of spr-5; met-2 compared to spr-5; met-2 fed L4440 control RNAi (t-test, p-value <0.001). . let-858 transgene silencing in the soma of spr-5; met-2 mutants. 40x differential contrasting interference (DIC) (A, C, E, G, and I) and immunofluorescent (B, D, F, H, and J) images of N2 (A-D) and spr-5; met-2 (E-J) L2 progeny. Arrows denote faint expression of LET-858::GFP. Scale bar: 50 m. Scale bar is the same for all panels. Percentage of animals where the expression level of LET-858::GFP was scored as either bright expressing (bright green, representative shown in panel B and F), faint expressing (dark green, representative shown in panel D and H), or not expressing (black, representative shown in panel J) in N2 (N=132) versus spr-5; met-2 (N=87) progeny (K). The quantification represents the percentages of LET-858::GFP expressing progeny from two independent experiments. To control for the segregation of the let-858 transgene, progeny scored as "off" were normalized for the presence of the let-858 transgene in animals as detected by PCR (see methods).
Figure 8: A model for how maternal reprogramming of inherited histone methylation helps to specify germline versus soma. During development, the COMPASS Complex and
MET-1 add transcriptionally coupled H3K4me1/2 and H3K36me2/3 to germline expressed genes in the parental germline. (A) At fertilization, these germline expressed genes undergo maternal epigenetic reprogramming by SPR-5 and MET-2 to remove H3K4me1/2 and add H3K9me1/2. In the germline blastomeres of the embryo, PIE-1 prevents global transcription by inhibiting Pol II. In the absence of transcription, MES-4 maintains H3K36me2/3 at MES-4 germline genes that have acquired transcriptionally coupled H3K36me2/3 in the previous germline. This ensures that these genes remain bookmarked for re-expression once the germline begins to proliferate later in development. (B) Without SPR-5 and MET-2 maternal reprogramming, H3K4me1/2 is inappropriately inherited in somatic tissues, allowing MES-4 to ectopically add H3K36me2/3 at these germline genes. This leads to ectopic expression of MES-4 germline genes in somatic tissues and a severe developmental delay. Orange circles represent somatic cells, Grey circles outlined in blue dashed-lines represent germ cells, and orange circles outlined in dashed-blue lines depict somatic cells that ectopically express MES-4 germline genes. P-lineage, germline blastomeres, are indicated by the letter P, and the primordial germline cells are indicated by Z2 and Z3.
Supplemental Figure 3. Differential expression and replicate comparison of
RNAseq experiments performed on N2, spr-5; met-2, and spr-5; met-2 L1 progeny. Volcano plot of log2 fold changes in gene expression (x-axis) by statistical significance (-Log10 P-value; y-axis) in spr-5 (A), met-2 (B), and spr-5; met-2 (C) L1 Progeny compared to N2. Heatmap of differentially expressed RNA-seq transcripts between N2 and spr-5 (D), met-2 (E), and spr-5; met-2 (F). Data was scaled and hierarchical clustering was performed using the complete linkage algorithm. Instead of Euclidean distance, distance was measured by calculating pairwise distance. Higher (red) and lower (green) expression is reported as a z-score.
